Water quality in recreational areas in Sydney Harbour, Australia, was analysed first to identify spatial patterns in faecal coliform and enterococci densities, and then to determine the relationship between bacterial densities and catchment rainfall. Non-metric multidimensional scaling separated sites closest to the mouth of the harbour from those further up the harbour's west and north-west arms. Sites closest to the harbour mouth generally had lower frequencies of high bacterial densities that exceeded median water quality guideline values. We attribute this to greater tidal flushing at sites closer to the harbour mouth. Eight site groups were identified within the harbour. Within each group, multiple regression analyses indicated rainfall accounted for between 15 and 66% of the variability in the bacterial densities. Variation in bacterial densities explained by rainfall was lower for sites closer to the harbour mouth where tidal flushing is greatest. Thus, our findings indicate that simple rainfall-based regression models are appropriate for predicting bacterial concentrations when flushing at a site is limited. More complex models incorporating a suite of environmental variables may improve the ability to predict bacterial concentrations at well-flushed sites, but even then, their predictive ability may be low.
INTRODUCTION
Water quality in recreational areas can be influenced by a range of toxicants and biological pathogens. Pathogens, such as bacteria, viruses and protozoans pose a health risk to swimmers (Henrickson et al. 2001) . Following contact or ingestion, pathogens may cause a variety of diseases such as gastro, respiratory, dermatological, and ear, nose and throat infections (Henrickson et al. 2001) . Numerous studies have linked recreational water quality with health effects in swimmers (e.g. Cabelli et al. 1979; Cartwright 1993; Corbett et al. 1993; Haile et al. 2001) . contamination is likely to result from sewage discharges, sewage overflows and stormwater as well as contamination from animals and swimmers using the water. The level of contamination is often greatest after rain as sewage may enter stormwater systems and be discharged into recreational swimming areas. Rainfall has frequently been identified as a significant determinant of faecal bacteria densities in recreational waters (Wyer et al. 1994 (Wyer et al. , 1996 Armstrong et al. 1997; Krogh & Robinson 1997) .
To minimize exposure of the public to pathogen contamination, water quality managers need quick and doi: 10.2166/wh.2005.060 reliable tools to indicate water quality conditions. Frequently, predictive models are used to determine the extent of pathogen contamination at a site (US EPA 1999). There are a number of models available, the simplest of which uses a regression approach to relate rainfall in a region to pathogen concentration. This approach has the advantages of being simple and relatively easy to construct and use, and provides a quick turn-around of predictions (US EPA 1999).
However, development of such models requires a large amount of rainfall and water quality data.
Since 1994, the New South Wales Environment Protection Authority has been monitoring recreational water quality at popular swimming areas in Sydney Harbour, Australia, as part of the Beachwatch Programs.
The programme routinely collects and analyses water samples for faecal coliforms and enterococci as indicators of faecal contamination. An extensive database of water quality information has been collated over the duration of the programme. Here, we analyse these data with the aims of (1) identifying spatial patterns in water quality and (2) investigating relationships between rainfall and bacterial contamination at swimming areas in Sydney Harbour. In the discussion, we consider the suitability of rainfall-based predictive models.
METHODS

Study region
Sydney Harbour (Port Jackson) is located on the southeastern coast of Australia. The harbour is the centrepiece of the city of Sydney and serves an international shipping port, an important commercial fishery, a popular tourist destination and a conservation area. The harbour is popular for recreational boat users and fishers and has a number of popular beaches and ocean pools for swimming.
Sydney Harbour is a coastal plain estuary formed from a drowned river valley; as a result, the bathymetry of the harbour is complex (Das et al. 2000) . The estuary has an area of 49.7 km 2 (Middleton et al. 1997) and is tidal over its entire area. Tides are semi-diurnal with a mean tidal range of 0.996 m (Middleton et al. 1997) . Freshwater input is generally low with occasional high flows during rainfall events, and no large rivers enter the system (Das et al. 2000) . The estuary is generally well mixed (Hatje et al. 2001 ) as a result of low freshwater inputs and tidal turbulence (Revelante & Gilmartin 1978) . Under dry conditions, the estuary is saline throughout (Hatje et al. 2003) . Flushing rates vary considerably along the estuary and a maximum flushing time of 225 days has been estimated for the estuary (Das et al. 2000) . 
Sample collection
The NSW EPA has routinely monitored faecal contami- 
RESULTS
Spatial patterns
The With this in mind, site three was grouped with nearby sites (1 to 5) based on geography and catchment affinities, rather than with sites 24 -27 if based on the ordination alone. Eight site groups were identified (Table   1 ; Figure 1 ). Site groups are hereafter referred to as subcatchments.
In Figures 2 and 3 , the axes on the ordinations have been rotated such that the x axis corresponds approximately to increasing distance from the harbour mouth from right to left (cf. Figure 1) . The overlay of the bacterial data in the bubble plots suggests that those sites further up the estuary have greater frequency of high faecal coliform densities (Figure 2 ). This pattern is less marked for enterococci densities (Figure 3 ). There appeared to be less variability in the frequencies (more uniform bubble size) for the enterococci data compared with the faecal coliform data.
Site 6, Darling Harbour, has the highest frequency of exceeding the water quality guideline values for both faecal coliforms and enterococci.
Response to rainfall
Multiple linear regression models based on antecedent rainfall accounted for between 16 and 66% of the variability in the faecal coliform data and between 15 and 58% of the enterococci data (Table 2 ). In general, those sub-catchments further away from the mouth of Sydney Harbour, i.e., Lane Cove River, Parramatta River and Middle Harbour North, had higher full-model r 2 values than those sites closer to the harbour mouth for both faecal coliforms and enterococci ( Table 2 ). The exception was Darling Harbour, which had low full-model r 2 values for both faecal coliforms and enterococci (Table 2) , despite being some distance from the harbour mouth.
In each sub-catchment, rainfall in the 24 h prior to sample collection was the greatest predictor of bacterial concentrations and accounted for 5 to 10 times more variability in the data than did subsequent time periods (Table 2) Table 2 ). The sub-catchments with the highest full-model r 2 values also had a greater number of significant variables in the regression equations (Table 2 ). In some sub-catchments, there was a slight increase in the partial r 2 value at 72 h. The reason for this is unknown, but the overall contribution of this slight increase to the total variation explained by the regression model is negligible.
At Darling Harbour, rainfall at 24 and 72 h contributed significantly to explaining faecal coliform densities; however, the rainfall at 48 h did not ( value, but a range of frequencies of exceeding the faecal coliform value. In general, the water quality guideline value for enterococci was exceeded more frequently than was the guideline value for faecal coliforms. Faecal coliforms are indicative of very recent contamination whereas enterococci, which are more persistent in the marine environment (Fujioka et al. 1981; Gabutti et al. 2000) , are indicative of slightly 'older' contamination. The higher frequency with which the enterococci criterion was exceeded suggests that recreational water quality assessments were more affected by residual rather than very recent contamination. Enterococci densities were more strongly correlated with illness in swimmers than were faecal coliform densities (Cabelli et al. 1979; McBride et al. 1998) and are considered by many to be preferable indicators of faecal contamination.
Rainfall is widely used and recommended as a predictor of recreational water quality (US EPA 1999; NSW EPA 2002).
Rainfall-based regression models are simple to use and provide rapid turn-around of predictions but vary in their ability to predict bacterial water quality from site to site. In Rainfall in the previous 24 h accounted for the greatest proportion of the variability in the bacterial data (Table 2) with the importance of antecedent periods decreasing over time. At upstream sub-catchments where flushing is lower, bacteria are not diluted or removed quickly. Presumably, in situ mortality (rather than removal or dilution) is important in these areas. In upstream sub-catchments, rainfall remains more strongly and significantly related to bacterial densities for longer. This is illustrated by a greater number of significant variables and relatively larger coefficients for each variable in models for the upstream sub-catchments compared with those for downstream sub-catchments.
Patterns in r 2 values were similar for both faecal coliforms and enterococci. However, r 2 values for enterococci were generally lower than those for faecal coliforms (for both full models and the contribution of each period).
The exceptions were for Port Jackson West and Darling
Harbour. Crowther et al. (2001) showed that, over a range of
